The molten globule (MG) state or the A-state of cytochrome c (cyt c) has been induced by addition of salts sodium perchlorate (NaClO 4 ), sodium thiocyanate (NaSCN), and sodium sulphate (Na 2 SO 4 ) at pH 2.0. Isothermal titration calorimetry (ITC) has been used for determining the energetics of binding of 8-anilino naphthalene sulphonate (ANS) to the salt induced A-state of cyt c, and the accompanying thermodynamic parameters have been analyzed to elucidate the nature of the interactions between ANS and the A-state of cyt c. Temperature dependent studies of the binding process reveal that the binding is not a two state process and there are more than a single type of interactions involved. Addition of a bulky salt tetraethylammonium bromide (TEAB) increases the stoichiometry of binding significantly, with a reduction in the binding affinity at a higher concentration. The results provide quantitative information on the binding of ANS to the salt induced molten globule states of cyt c. It is further inferred that the binding involves a combination of hydrophobic and electrostatic interactions.
Introduction
Characterization of the intermediate states is an important step in understanding the mechanism of protein folding. The compact molten globule state, with significant amount of secondary structure, but showing a largely disordered tertiary structure, has been detected for several proteins and studied extensively as a candidate for the major intermediate state of protein folding [1] [2] [3] [4] [5] . The acidic intermediate state of cyt c was the first example for which the term molten globule was used [2] . Proteins undergoing acid denaturation are unfolded at low pH because of the presence of destabilizing repulsive interactions between like charges in the protein [6, 7] . Salts have been known to affect the physicochemical properties of the proteins such as their solubility, stability and pK a to a great extent [8] [9] [10] . Salts mainly affect the electrostatic interactions in the protein molecules and induce a conformational transition at acidic or alkaline pH from a largely unfolded state to an intermediate conformational state. Such transitions have been reported for several globular and even multimeric proteins [11] [12] [13] [14] .
Horse heart cytochrome c is a single chain hemoprotein composed of 104 amino acid residues, having three a-and two minor helices in the structure. The prosthetic heme group is covalently bound by two thioether bridges to two cystein residues, Cys (14) and Cys (17) and under physiological conditions, His (18) and Met(80) are also axially coordinated to the heme iron [15] . The hydrophobic core in the A-state of cyt c is constituted by the two major helices and the heme group and is stabilized by non-bonded interactions [16] . The loop regions are known to be fluctuating and partially disordered [17] . Cyt c, like other acid denatured proteins is maximally unfolded at pH 2.0 by HCl in the absence of salts and undergoes a cooperative transformation to an intermediate structure called the A-state [18] which has properties typical of the molten globule [5, 19] upon addition of anions from either salts or acids. The molten globule state or the A-state of cyt c has been studied extensively in recent years by a variety of techniques which has enabled its main features to be defined [15, 16, [20] [21] [22] [23] . The A-state of cyt c has been reported in acidic solution containing high salt concentration [2, 14, 24] or through neutralization of charges by acetylation [25, 26] . Solvent-dependent changes of charge repulsion have been suggested to be responsible for this change [13, 14] . Anions may also affect the water structure, based on the Hofmeister series, which results in increasing or decreasing the hydrophobic interactions of proteins. Cyt c has a large number of basic residues like lysine, arginine, and histidine. At acidic pH, the compensating negatively charged residues are neutralized which enhance the electrostatic repulsions and drive the protein towards a more expanded form. Under these conditions, many tertiary structural interactions that stabilize the native protein are lost. Formation of ANS induced partially folded intermediate state of cyt c, which is very similar to the native state, has also been reported [27] .
While all the acids and salts induce cooperative transitions in the protein at a reduced pH, the concentration range required to bring about the transition, however, varies greatly with different acids and salts [28] . Effectiveness of various ions to stabilize the unfolded state of cyt c at acidic pH follows the series [26, 28] mentioned below:
In the present study, we have used ITC to investigate the energetics of binding of ANS with the A-state of cyt c which can reflect upon the nature of the binding, and in turn help in characterization of the MG-state of the protein quantitatively. The ANS binding has been investigated in the presence of NaClO 4 , NaSCN, and Na 2 SO 4 at pH 2.0. Circular dichroism experiments have been performed to observe the conformational changes in the protein in the presence of salts. The ANS binding to the unfolded (U) state and the native (N) state of the protein has also been investigated using the above mentioned techniques for the sake of comparison. Temperature dependence of the binding of ANS to the A-state of cyt c has been studied using ITC and the accompanying thermodynamic parameters have been rationalized in terms of the mode of interaction of ANS with the protein. The effect of a bulky additive, TEAB, in the binding of ANS to the A-state of the protein has also been examined using ITC.
Experimental

Materials
Horse heart cytochrome c, ANS (8-anilinonapthalene sulphonate) and potassium phosphate of the best available purity grade were purchased from Sigma-Aldrich Chemical Company, USA. Sodium perchlorate monohydrate was purchased from Fluka, sodium thiocyanate was purchased from S.D. Fine Chemicals Limited India, and anhydrous sodium sulphate was purchased from SRL, India. A Sartorius BP 211D digital balance of readability ±0.01 mg was used for the mass measurements. The water used for preparing the solutions was double distilled and then deionised using a Cole-Parmer research mixed-bed ion exchange column. The protein was dialyzed extensively at T = 277 K against 10 Á 10 À3 mol Á dm À3 potassium phosphate at pH 2.0 with at least four changes of the buffer. The reported pH is that of the dialysate measured on a Standard Control Dynamics pH meter at room temperature. The concentration of cyt c was determined spectrophotometrically on a Shimadzu double beam spectrometer UV 265 at 409 nm using
Isothermal titration calorimetry
The ITC measurements were carried out on a VP-ITC titration microcalorimetry system (Micro Cal, Northampton, MA). All solutions were thoroughly degassed before use by stirring under vacuum in Thermovac unit supplied with the instrument. Titrations were carried out using a 0.250 cm 3 syringe filled with the solution of interest. The sample cell contained 0.12 Á 10 À3 mol Á dm À3 protein in the presence of 0.1 mol Á dm À3 of the salt and the reference cell was filled with degassed buffer. The ANS solutions were also prepared in 0.1 mol Á dm À3 salt solution. Sequential titrations were performed to ensure full occupancy of the binding sites by loading and titrating with the same ligand without removing the samples from the cell, until the titration signal was essentially constant. The titrations were linked together for data analysis using ConCat 32 software provided by MicroCal, Inc. Control experiments were done to correct the data for the heats of dilution of the ligand, protein, and buffer mixing. The binding of ANS to the molten globule states of cyt c fitted best to two sets of independent binding sites.
Circular dichroism experiments
The CD experiments were performed on a Jasco-810 CD spectropolarimeter. The protein concentration and path length of the cell used were 5 lM and 0.2 cm for far-UV CD and 20 lM and 1 cm for near-UV CD, respectively. The spectropolarimeter was purged with nitrogen gas prior to the experiments. Each CD plot was an average of three accumulated plots which were baseline corrected. The value of molar ellipticity [h] was calculated from the observed ellipticity h as 100 Á h/(c Á l) where c is the concentration of the protein solution in mol Á dm À3 and l is the path length of the cell in cm. figure 1 did not fit to any binding model satisfactorily.
Titration of ANS with the U-state of cyt c at pH 2.0
Cyt c is highly basic in nature with a pI = 10 [29] and is known to exist in an unfolded state at pH 2.0. Figure 2 shows titration of ANS with acid unfolded state of the protein at pH 2.0. The heat of interaction of ANS with the protein at pH 2.0 also does not fit to any binding model satisfactorily.
The difference in the titration profiles of ANS with cyt c at pH 2.0 and 7.0 shown in figures 1 and 2 can be due to several factors. The net charge of a protein depends upon the charges of different acidic and basic groups on the surface of the protein. With change in pH of their local environment, these charges tend to vary which in turn affects the net charge on the protein and its distribution along the molecule [30] . Therefore the net charge on the protein at pH 2.0 and 7.0 will not be the same and hence the binding behaviour of ANS to the protein at these pH values would be different. It also includes effects from associated protonation equilibria of the protein as ANS binds to it. In addition, the observed change in the interaction profile at pH 2.0 is due to ANS induced conformational change in the protein. The ANS carries a negative charge and as an anion it is capable of inducing a partially folded state in cyt c.
An evidence for such ANS induced conformational change in cyt c is also available in literature [27] .
Binding of ANS with the salt induced molten globule (A-state) of cyt c at pH 2.0
As mentioned earlier, the U-state of cyt c undergoes conformational changes upon addition of salts and transforms into the molten globule state, called the A-state. Figure 3 shows the calorimetric titrations of ANS with the A-state of cyt c induced by 0.1 mol Á dm À3 NaClO 4 , NaSCN, and Na 2 SO 4 at pH 2.0. The binding isotherms show the best nonlinear fitting to two independent binding sites. Each site binds to more than one ANS molecule represented by
where N 1 and N 2 represent the number of moles of ANS molecules binding to the first and second set of sites, respectively. As seen in the bottom panels of figure 3 table 1 show that in the presence of 0.1 mol Á dm À3 NaClO 4 , NaSCN, and Na 2 SO 4 a small enthalpy change is associated with the binding of ANS to the high affinity binding site, and the binding is almost exclusively entropy driven. The thermodynamic parameters show a very large number of ANS molecules binding to the second site. This indicates that binding of ANS molecules to the second binding site is non-specific and it is due to the binding of ANS molecules to a large exposed hydrophobic patch. The addition of salts leads to screening of the repulsive charges on the surface of the unfolded protein through their larger anions. In addition to this, ANS itself being an organic anion may also lead to further screening of the repulsive positive charges bringing about a change in the conformation of the protein in the MG-state. Ali et al. [27] have reported that ANS induces folding of the acid unfolded cyt c to the molten globule state through charge neutralization.
The binding of ANS to cyt c under these conditions suggests that the presence of the salts induces folding of the protein into the molten globule state which can bind to ANS unlike the acid denatured or the native state of the protein. To understand the structural changes which occur upon addition of 0.1 mol Á dm À3 NaClO 4 , NaSCN, and Na 2 SO 4 to the acid denatured protein at pH 2.0, CD experiments were done. Figure 4 shows the far-UV CD spectra of acid denatured protein in the absence and presence of 0.1 mol Á dm À3 NaClO 4 and Na 2 SO 4 and also that of the protein at pH 7.0 for the sake of comparison. The acid denatured protein at pH 2.0 shows typical spectra that of an unfolded protein. In the presence of salts, there is an appearance of two negative maxima at (208 and 222) nm which is indicative of induction of a-helicity in the protein. On comparing it to that of the protein at pH 7.0, the amount of secondary structure appears to be more prominent in the presence of the salts at pH 2.0.
Circular dichroism
The increase in the secondary structural content of cyt c from the acid unfolded state with rising concentration of NaClO 4 in solution has been reported by Hamada et al. [23] . They have observed complete induction of the MG-state in the protein in presence of 0.1 mol Á dm À3 salt. Figure 5 shows the near-UV CD spectrum, which is a direct probe of Trp-59, the only tryptophan in cyt c. At pH 7.0, the native protein shows the characteristic negative band centred at 284 nm, [15] which is completely absent at pH 2 in the acid unfolded state of the protein. In the presence of 0.1 mol Á dm À3 NaClO 4 , NaSCN, and Na 2 SO 4 at pH 2, the negative band at 284 nm is almost absent, which shows that in the presence of these salts the tertiary structure of the protein is significantly reduced. Thus, far-and near-UV CD results support that cyt c is in the MG-state in the presence of the salts, with prominent secondary structure formation as compared to its acid unfolded state and substantially low tertiary structure in comparison to that observed at pH 7. These results correlate well with the literature [16] where it has been reported that the A-state of cyt c has a-helix structure comparable to that of the native form, but has a fluctuating tertiary conformation, where the heme-polypeptide chain interaction is reduced significantly. It has also been reported [32] that the H-bond between Trp-59 and the prosthetic heme group is broken in the A-state of the protein which is well reflected in the near-UV CD spectrum.
Temperature dependence of the binding of ANS to the A-state of
Cyt c in the presence of 0.1 mol Á dm À3 NaClO 4
The integrated heat profiles of the titrations of ANS with NaClO 4 induced A-state of cyt c, performed at various temperatures are shown in figure 6 . At all temperatures (283.15 to 308.15) K, the results fitted well to a two independent binding sites model. The thermodynamic parameters accompanying the binding are listed in 
Here K(T 1 ) and K(T 2 ) are the values of the binding constant at temperatures T 1 and T 2 , respectively. It is observed that the van't Hoff enthalpy does not match with the calorimetric enthalpy. If binding process should follow Le Chatelier's principle, then the binding constant for binding of ANS to the A-state of cyt c should decrease with increase in temperature for the exothermic binding process, which is not seen at site 2. Therefore the discrepancy between the calorimetric and van't Hoff enthalpies may be attributed to mechanisms other than binding such as contributions from thermally induced conformational changes in the protein giving rise to altered ligand affinity. This means that with increase in the temperature, there is modification of binding sites leading to alterations in the energetics of binding.
An increase in entropy associated with a decrease in enthalpy and vice versa is termed as enthalpy-entropy compensation. This phenomenon has generally been associated with the solvent reorganization accompanying the protein-ligand interactions [33] [34] [35] [36] . When a group of similar species interact, there is a complete compensation of enthalpy and entropy and a linear relationship is obtained between the two with the slope exactly equal to unity and hence leading to only a small change in the overall free energy [33, 34] . A slope value near unity is generally considered as an indication of a single interaction mechanism. A favourable entropy change for ANS binding at both site 1 and 2 may have major contributions from the solvation effects. At site 1, the thermodynamic parameters presented in table 2 show a linear relationship between DH and TDS ( figure 7) . The slope of the plot is (0.59 ± 0.03) with a correlation coefficient of 0.997. Since the slope of the enthalpy-entropy compensation plot is less than unity, it implies that the free energy of binding is more sensitive to changes in entropy than enthalpy. At site 2 linear enthalpy-entropy compensation plot was not observed for the binding of ANS to the A-state of cyt c. Thus, the deviation in the enthalpy-entropy compensation slope from unity rules out well defined specific interaction binding sites on the A-state of cyt c for ANS. Since the number of binding sites remains unchanged and the binding affinities at the two sites do not change significantly at the lower concentration of TEAB, it appears that the bulky TEAB neither interferes strongly with binding nor does it change the Astate conformation. With increase in TEAB concentration, the values of binding constant and the enthalpy of binding show a further decrease. It is observed that the value of 'N' increases with increase in the concentration of TEAB. Significant increase in its value is noticed in the presence of 0.5 mol Á dm À3 TEAB, which is also accompanied by a fall in the value of both K 1 and K 2 . This suggests that at the higher concentration of TEAB, the hydrophobic clusters in the A-state undergo slight expansion, such that a greater number of ANS molecules can bind to the two binding sites on the protein.
There is also a possibility of screening electrostatic interactions between ANS and its binding site on cyt c by TEAB because a reduction in the value of K is observed at both the sites at higher TEAB concentrations. These results and the exothermic effects observed for the binding of ANS to the A-state of cyt c indicate that electrostatic interactions between ANS and the protein make a major contribution to the binding process. It is expected because at pH 2.0, cyt c carries a net positive charge and ANS carries one unit of negative charge. However, other non-covalent interactions such as hydrophobic, van der Waals and hydrogen bonding also contribute to the effective free energy of the protein-ligand complexation [37] . Due to the increased surface hydrophobicity of the MG-state compared to that in the N-state, the former can bind the non-polar molecules in solution more strongly. This is attributed to the fact that ANS molecules can bind strongly to the solvent accessible clusters of the non-polar residues, which are well shielded in the N-state. In the case of U-state, the integrity of the hydrophobic cavity is totally lost and the protein shows random coil behaviour. Since a random coil does not have any specific hydrophobic cluster for the ANS molecules to bind, we do not observe any specific binding pattern for the binding of ANS to the U-state of cyt c. It has been reported that ANS stabilizes a molten globule state in the acid unfolded cyt c and the authors had put a question on the usefulness of ANS for the determination or characterization of partially folded intermediate states of protein observed under low pH conditions. Although figure 2 demonstrates the induction of conformational changes upon addition of ANS to the acid unfolded state of cyt c, it is seen in figures 3 and 6 that ANS does bind significantly to the salt induced molten globule state of cyt c. It should also be noted that the titration profiles obtained in figure  2 and those presented in figures 3 and 6 are different in nature and the latter fits satisfactorily to two sets of binding sites. These results demonstrate quantitatively that ANS, though capable of inducing conformational changes in proteins at low pH, yields entirely different titration behaviour of interaction of ANS with the acid unfolded state and the molten globule state.
Conclusions
The isothermal titration calorimetric results presented in this work demonstrate that addition of salts to acid unfolded state of cyt c changes its conformation to a molten globule state which shows binding with ANS at two identical and independent binding sites. On the other hand, no binding model fits satisfactorily to the binding of ANS to the native or acid unfolded state of the protein. It is also observed that as the temperature increases from (283.15 to 308.15) K, the number of binding sites does not change, however the number of moles of ANS binding to each site shows an increase. The enthalpy-entropy compensation plot for site 1 has a slope less than unity and a linear compensation is not observed for the second site which shows that more than a single kind of interaction is responsible for the binding. These results suggest that the binding is not a two state process and involves more than one kind of interaction. Binding of ANS to the salt induced A-state of cyt c is only perturbed to a small extent by addition of TEAB at lower concentrations, whereas at higher concentration of TEAB, a significant increase in the stoichiometry and a reduction in the binding affinity is observed. These observations indicate that there are no well defined specific binding sites for ANS on the salt induced molten globule state of cyt c and the binding is mainly due to the exposure of the hydrophobic clusters on the protein. Nevertheless, there is a major contribution of the electrostatic interactions to the binding process. The results demonstrate that ITC can be effectively used in characterizing the partially folded states of the proteins both qualitatively and qualitatively, and allows distinguishing between the interaction of ANS with the acid unfolded state and the molten globule state of the protein. 
